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Abstract 
The objective of this paper is to compare the two technologies  chemical looping combustion (CLC) 
for inherent CO2-capture, and Calcium looping-based (CaL) CO2-capture  when applied to a coal-based 
IGCC power plant, in terms of system efficiency, overall plant efficiency, CO2-capture percentage and 
cost. It was found that a CLC-based CO2 capture system is more efficient than a CaL-based CO2 capture 
system. However, both the chemical looping processes lead to higher efficiencies than a conventional 
solvent-based pre-combustion CO2 capture. The capital cost and cost of electricity of the CLC-based CO2-
capture power plant were also found to be lower than a conventional pre-combustion CO2-capture for an 
IGCC power plant. 
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1. Introduction 
CO2 capture using the chemical looping concept, which involves circulation of solids between two 
reactors, is being widely proposed as a more efficient and cost-effective way than the currently 
commercial capture technologies [1, 2]. Broadly, two different methods have been proposed for separation 
of CO2 from gaseous mixtures in different applications  chemical looping combustion (CLC), and a 
calcium-looping cycle (CaL) for CO2 separation.  
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1.1 Chemical looping combustion (CLC) 
 
Chemical looping combustion (CLC) is an indirect combustion process in which fuel is combusted 
without direct contact with air [3]. Transfer of oxygen between air and fuel takes place with the aid of a 
solid oxygen carrier (OC). A CO2 stream of very high purity can then be obtained by condensing the 
water vapor. Gaseous fuels such as natural gas or syngas (CO and H2) can be used as fuels in CLC for 
inherent CO2 capture, thus replacing the costly solvent-based CO2 capture technologies. A schematic of 
the process is shown in Fig 1(a). 
 
1.2 Calcium looping cycle (CaL) CO2 capture 
 
Ca-looping (CaL) process (shown in Fig 1(b)) utilizes the reversible chemical reaction between CaO 
and CO2 in order to capture CO2 from gaseous streams. CO2 in the gas stream reacts with CaO in a 
carbonator, to form CaCO3, which is later decomposed into CaO and CO2 in a calciner. CO2-capture in the 
carbonator occurs at a temperature of around 650oC and calcination reaction occurs at a temperature of 
950oC. Heat from the exothermic carbonation reaction can be used to generate steam for additional power 
generation. However, calcination requires heat input which is supplied usually by oxy-combustion of coal 
or natural gas [4]. This approach has been widely proposed and tested by various researchers for post-
combustion CO2-capture from the flue gas of a coal-fired boiler.  
       Figure 1. Schematic of the two chemical looping concepts 
 
1.3 Chemical looping concept for pre-combustion CO2-capture 
 
The focus of research on CLC process has been its application to natural gas combustion [5] or direct 
coal combustion [6]. But CLC process can be used for any fuel including syngas [7]. CLC can be used in 
a coal-based IGCC power plant, in lieu of the conventional approach of a water gas shift (WGS) reaction 
and subsequent CO2 capture in a physical absorption process [8]. Instead, cleaned syngas from the gasifier 
is combusted in a CLC system. The products from the CLC reactor are separate high-temperature streams 
of oxygen-depleted air and combustion products (CO2 and H2O), both at high temperature and pressure, 
which can be used in a combined cycle power plant to generate electricity. The use of CLC in place of a 
conventional CO2 capture process (such as Selexol or Rectisol) in an IGCC system thus involves both 
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        (a). Chemical looping combustion (CLC)                          (b). Calcium looping cycle (CaL) CO2-capture 
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addition and removal of certain processes and equipment. A nickel-based oxygen carrier is used in this 
study because of its ability to withstand reasonably high temperatures. Figure 2 shows the process flow 
diagram of a CLC-based power plant using syngas as fuel. The following reactions take place in the air 
and fuel reactors: 
 
Ni + ½ O2  NiO          (1) 
CH4 + 4NiO  CO2 + 2H2O + 4Ni        (2) 
CO + NiO  CO2 + Ni          (3) 
H2 + NiO  H2O + Ni          (4) 
 
 
Figure 2. CLC combined cycle power plant using syngas as fuel 
Similarly, though CaL-based CO2-capture is popular for use in post-combustion capture applications, it 
can also be used for pre-combustion CO2-capture in an IGCC power plant [9]. When the WGS reaction 
(shown in Eqn 5) occurs in the presence of CaO sorbent, the product CO2 reacts with CaO to form CaCO3. 
The carbonation reaction is shown in Eqn 6. Since CO2 is removed as it is formed, the equilibrium shifts 
towards the products and enhances the formation of H2. The combined WGS and carbonation reaction is 
shown in Eqn 7. 
 
CO + H2O  CO2 + H2         (5) 
CaO + CO2  CaCO3          (6) 
CaO + CO + H2O  CaCO3 + H2         (7) 
 
CaCO3 can then be sent to a calciner to recover CaO and high-purity CO2 for sequestration. Thus, by 
using the Ca-looping concept, simultaneous WGS and CO2-capture can be achieved. This approach is also 
referred to as sorbent-enhanced WGS reaction (SEWGS). H2 is then combusted in a gas turbine combined 
cycle power plant. A schematic of the CaL-based process for an IGCC power plant is shown in Fig 3. 
 
In the CLC process, a WGS reactor is not needed, thereby reducing the cost of the power plant. 
However, the maximum temperature is limited by the melting point of oxygen carriers, which is about 
1200oC for a NiO/Ni system [1]. Since this is less than the inlet temperature of a typical commercial gas 
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turbine (which is around 1350oC) the turbine output may be reduced, impairing plant performance. On the 
other hand, in a Ca-looping system, a WGS reactor is still needed, but the turbine inlet temperature does 
not have to be lowered from typical IGCC conditions. Thus, both systems have advantages and 
disadvantages in terms of performance and costs. 
 
 
Figure 3. CaL-based combined cycle power plant 
1.4 Objectives of the paper 
 
The objective of this paper is to compare the two technologies  CLC for inherent CO2-capture, and 
CaL-based CO2-capture  when applied for CO2-capture from a coal-based IGCC power plant. The 
performance of the two processes is compared in terms of the system efficiency, overall plant efficiency 
and CO2-capture percentage. These are in turn compared with an IGCC power plant using a conventional 
Selexol solvent-based CO2-capture technology. Cost models are developed for the CLC system and 
compared with the conventional IGCC power plant. 
2. Performance Model 
Chemical equilibrium models are used to calculate the mass and energy balances of the two systems. 
Reactions 1-4 are considered for the CLC system and reactions 5-7 are considered for the CaL system.  
2.1. CLC performance model 
The oxygen carrier (OC) considered here is NiO supported on Al2O3 in a 40-60 weight ratio. Metal 
oxides are supported on inert metals such as Al2O3 in order to increase their mechanical and thermal 
stability [10].  
 
Figure 2 shows a schematic of the CLC process applied to IGCC. The depleted air from the air reactor, 
where the oxidation reaction is exothermic, is at a high temperature and pressure. The air stream is 
expanded in a gas turbine, generating electricity. The heat from the exhaust of the gas turbine can be 
recovered in a heat recovery steam generator (HRSG) to generate steam which is further expanded in a 
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steam turbine, generating more electricity. The outlet from the fuel reactor can also be expanded and 
cooled in a similar combination of gas turbine and steam turbine. Water is condensed from the products 
of FR after the HRSG and the CO2-rich stream is sent for purification and compression. 
 
Air flow at the outlet of the air reactor (AR) should be close to the design flow rate of the gas turbine. 
Air reactor temperature is chosen to be close to the design inlet temperature of the gas turbine. The 
oxidized form of the metal oxide carries oxygen and heat to the fuel reactor (FR). Thus the FR 
temperature depends on the AR temperature. The outlet composition of AR depends on the excess air 
supplied and the flue gas composition of the FR depends on the inlet syngas composition. If AR is 
assumed to be adiabatic, AR temperature depends on the inlet temperatures and flow rates of OC and air. 
In the performance model used here, OC flow rate at the AR inlet (FR outlet) is expressed in terms of the 
excess NiO (
for calculating the system performance: 
 
1. Choose the gas turbine. This fixes the operating pressure (PAR), design air flow (Mdesign,GT) and 
the turbine output power. This also fixes the pressure ratio of the compressor and hence the 
temperature of air (Tair) going into AR.  
2. Choose the air reactor temperature (TAR). Usual operating temperatures using an NiO-based OC 
range from 900  1200 oC.  
3. Choose the excess NiO ratio (z) at AR inlet (FR outlet) 
4. Since TAR, which is the same as the inlet temperature of OC to FR, and z (which fixes the flow 
rate of OC to FR) are fixed, fuel reactor temperature (TFR) can be calculated from heat balance, 
assuming adiabatic conditions 
5. The OC temperature going into the AR is the same as TFR. Since inlet temperatures of OC and 
air to AR are now fixed, and TAR and z are known, excess air ratio (x) can be calculated from 
heat balance, assuming adiabatic conditions 
6. Required flow rate of fuel (Mfuel) is calculated from Mdesign,GT and x 
7. Mass balance calculations of AR and FR are done using chemical equilibrium models 
8. Energy balances of other components such as turbines, expanders and HRSG are also calculated 
subsequently. 
 
The CLC system efficiency (net power output from the combined cycle plant/syngas heat input) and 
the overall plant efficiency (net power output from the IGCC plant/coal heat input) are calculated. 
2.2. CaL system performance model 
As mentioned before, a combined WGS and carbonation reaction is used to calculate the mass and 
energy balances of the CaL system. Steam is supplied to the carbonator. The outlet gas composition 
depends on the flow rate of steam and the reaction temperature. CO2 product flow rate depends on the 
calciner temperature. For performance calculations of the CaL system, carbonator and calciner 
temperatures as well as the steam flow rate are fixed. Heat released from the carbonator is assumed to be 
integrated into HRSG to generate steam for additional power production. Heat required for the calciner is 
also calculated and taken into account for efficiency calculations, but the method of heat supply is not 
determined. It may be noted that, for the present analysis, deactivation rates of the CaO sorbent because 
of continuous cycling have not been considered. Similarly, a detailed model for sulfur capture on the CaO 
sorbent has not been developed. It was assumed that all the sulfur in the syngas is captured by the sorbent. 
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The CaL system efficiency (net power output from the combined cycle plant/syngas heat input) and 
the overall plant efficiency (net power output from the IGCC plant/coal heat input) are calculated. 
3. Cost Model 
In this paper, cost models were developed only for the CLC system. Fluidized bed reactors are 
assumed for both AR and FR. The volume of each reactor is calculated using the procedure listed by 
Lyngefelt et al [11]. The residence times of AR and FR are assumed to be 5 and 60 seconds, respectively 
[12]. Once the volumes are calculated, costs are calculated based on the fluidized bed reactor costs 
mentioned in [13]. 
4. Case Study Results 
The performance and cost models described in the previous sections are applied to a case study. The 
IGCC base plant considered for case study uses GE (quench) gasifier (1343oC, 42.4 bar), with 
Appalachian medium sulfur coal as feedstock. The raw syngas composition from the gasifier is shown in 
Table 1. Syngas that goes into the CLC system is cleaned for sulfur in a Selexol process. However, 
syngas from gasifier exit goes directly into the CaL system.  
Table 1. Syngas composition at gasifier exit 
Component (% vol) 
CO 39.17 
H2 35.38 
H2S 0.01 
CO2 12.88 
H2O 10.15 
N2 0.93 
Ar 0.89 
Others 0.59 
Total 100 
 
Table 2. Base case input assumptions for CLC and CaL systems 
CLC CaL 
AR temperature  1100oC Carbonator temperature 650 oC 
AR and FR pressure  12.7 bar Carbonator pressure  42 bar 
Excess NiO fraction  0.1 Calciner temperature  950oC 
Excess air ratio (calculated)  3.802 Calciner pressure  1 bar 
 Steam/CO  0.99 mol/mol 
4.1. CLC case study results 
Since a CLC system cannot handle temperatures greater than 1200oC, a GE 7EA gas turbine is used, 
which operates at a pressure ratio of 12.7 and an inlet temperature of 1100oC, with a design flow rate of 
297 kg/s and a design rating of 85.1 MW. To illustrate the performance model, Fig 4 shows the effect of 
air reactor temperature and excess NiO fraction on the required excess air ratio. The required excess air 
ratio decreases with increasing NiO fraction because the OC flow rate is sufficient to maintain the AR 
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temperature. It was also found that the net plant efficiency increases with AR temperature.  
 
 
Figure 4. Required excess air ratio as function of excess NiO ratio at FR outlet and AR temperature 
For the base case input assumptions shown in table 2, the CLC system efficiency was found to be 
57.7%, based on higher heating value of syngas. However, when the overall plant is considered, the net 
plant efficiency comes down to 38.9% (based on HHV of coal), because of the power requirement in the 
air separation unit. CO2 capture efficiencies of almost 100% can be obtained. However, CO2 product 
purity cannot be 100% because of the presence of inerts such as N2 and Ar from the gasifier. 
4.2. CaL case study results 
Since the CaL system can handle high temperatures, a GE 7FB gas turbine was used, which operates at 
a pressure ratio of 18.5 and inlet temperature greater than 1300oC. Using the input assumptions shown in 
table 2, mass and energy balances for CaL system were calculated. The syngas coming out of the 
carbonator contains 85% H2, 11% H2O and less than 1% CO and CO2. CO2 capture efficiency of more 
than 99% can be achieved. CO2 from the calciner is also of very high purity. For this base case, the CaL 
system efficiency (CaL system and the combined cycle power plant) was found to be 43.1%, while the 
overall IGCC power plant net efficiency was found to be 32.3%. More detailed models are needed to 
calculate the amount of sorbent required and the effect of sulfur-poisoning. 
4.3. Cost results 
IGCC plant performance and costs were calculated using the Integrated Environmental Control Model 
(IECM) [14] and the CLC system costs were estimated using the methodology described before. The 
plant capital cost for this system was found to be close to $3040/kW-net, with CO2 capture amounting to 
more than 10% of this cost. The cost of electricity was found to be close to $90/MWh. Since this is a new 
technology, high contingency costs (about 50% of the direct cost) were assumed for the CLC system.  
5. Conclusions 
From the results described above, it appears that a CLC-based CO2 capture system is more efficient 
than a CaL-based CO2 capture system. The heat required for the calciner in a CaL system is the main 
reason for its lower efficiency. These results were also compared to an IGCC power plant using 
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conventional Selexol-based CO2 capture technology. The net overall IGCC power plant efficiency with a 
Selexol CO2 capture system was estimated using IECM [14] to be close to 31%. Thus it is clear that both 
the chemical looping processes lead to higher efficiencies than a conventional solvent-based pre-
combustion CO2 capture. The capital cost and cost of electricity of the CLC-based CO2-capture power 
plant were also found to be lower than a Selexol-based pre-combustion CO2-capture for an IGCC power 
plant. Thus, high level analysis suggests that there is potential for efficiency and cost savings using the 
chemical looping concept for pre-combustion CO2 capture from an IGCC power plant. 
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